The photomultiplier dark pulse-height, signal induced pulse-height, and afterpulse time spectra have been measured on three RCA 8850 52 mm-diameter photomultipliers. The first dynode of this photomultiplier has a cesium activated, gallium-phosphide secondary emitting surface. Measurement techniques and the measuring systems are described in detail.
INTRODUCTION
The RCA 8850 two-inch 12-stage photomultiplier is a modified version of he RCA 8575. Both types have identical electron multiplier structures, the electron optics and semitransparent cesium-potassium-antimony photocathodes deposited on a pyrex entrance window. The only significant difference between 8850 and 8575 is that 8850 has a cesium-activated gallium-phosphide secondary emitting surface on the first dynode. This surface has a secondary emission ratio of 30-50 instead of 5-8 as does the conventional dynode material. The high pulse-height resolution of the 8850 makes it possible to set the threshold of the signal discriminator in the valley between the single and two-photoelectron peaks, thus eliminating most of the singlephotoelectron pulses which are mostly thermionic initiated from the photocathode. This In general, the afterpulses are produced as a result of the ionization of residual gases, such as He+, H2+, N2+ and CO+, in the volume between the photocathode and the first dynode. The positive ions formed are accelerated toward the photocathode by the focusing electric field. On impact these ions liberate up to five secondary electrons which produce an afterpulse signal. These afterpulses generally occur from 20 ns to several microseconds after the main pulse. The time of occurrence of the afterpulses can be closely correlated with the atomic mass of the residual gas inside the glass envelope. This phenomena was studied systematically by several authors8 who introduced trace amounts of various gasses into photomultipliers. Subsequently, in further work9-l1, the physical origins of afterpulses was investigated, particularly with respect to the afterpulses which result from the diffusion of helium through the photomultiplier glass envelope. Although the helium is present in small concentration in ambient air, it is sufficient so that its atoms, which can permeate readily through the glass envelope, can cause afterpulses. This effect is often enhanced by the fact that photomultipliers are frequently used in laboratories where ambient concentration of helium is significantly increased by the emissions from helium Dewar bottles or from gas Cherenkov counters. Other phenomena may also cause afterpulsing, such as dynode fluorescence, electrical fields over the exposed glass of the envelope, etc. In order to measure this characteristic, a pulse height spectrum, a signal induced pulse-height spectrum and a time spectrum must be taken of the anode output pulses. Measurements were made using the voltage divider network suggested by RCA for fast pulse response. With 2500 V applied between the anode and cathode, the average gain was approximately l.8xlO8, while the dark current was 4.6xlO-8 A. Figure 1 is a block diagram of the system for measuring the pulse-height spectrum.
PULSE-HEIGHT SPECTRUM MEASUREMENT
A pulse generator was used to drive a lightemitting diode, type XP 21. The light intensity of the pulses was controlled by the drive pulse amplitude. The light emitting diode was placed more than one meter away from the photocathode of the photomultiplier. An attenuator and preamplifier was used at the output of the photomultiplier to provide more flexibility for controlling pulse-height spectrum display on the pulse-height analyzer. Table 1 shows the dark pulse count of the three 8850s from 1/8 photoelectron peak to 16 photoelectrons and also at various photelectron peaks to 16 photolectron level, inclusive. The most obvious feature was that most of the dark pulses are due to single electron. Only a few percent of the dark pulses consist of two photoelectrons or more. These are probably quite different in origin from the single electron pulse. The dark pulse count of the three 8850s ranges from 204 counts per second to 234 per second by summing all pulses between 1/8 photoelectron to 16 photoelectrons. Figure 2 shows a typical dark pulse-height spectrum of an 8850. 
AFTERPULSE MEASUREMENT
The system shown in Fig. 4 was used to measure afterpulses. A pulse generator was used to drive a light-emitting diode, type XP 21, which, produced light pulses for the photomultiplier. The trigger pulse from the pulse generator was delayed and shaped and then used as a start pulse for the time-to-amplitude converter (TAC). The output pulse of the photomultiplier was used as the stop pulse for the TAC after being processed by a constant fraction discriminator. In order to count the afterpulses which came immediately after the main photomultiplier pulse, the main output pulse (marked by symbol B in Fig. 4 ) was delayed after the start pulse. The time at which the main photomultiplier pulse occurred was taken as time zero. However, in order to count the afterpulses which occurred significantly later in time and with a very low count rate the trigger pulse from the pulse generator was purposely delayed to come after the photomultiplier main pulse so that an output pulse from the TAC would only occur when the photomultiplier generated an afterpulse. The output of the TAC was then recorded and displayed on a pulse-height analyzer. In order to look for pulses many microseconds after the main pulse (the timing range of the TAC being set accordingly) the operating frequency of the test system was quite low. Table 3 shows the results of the afterpulse measurement.
Under single photoelectron counting at a rate of 100 kHz, afterpulses were detected in the time interval ranges of 18-22 ns and 343-415 ns, after the main output pulse in all three photomultipliers. In the 450 ns to 68 ps time range afterpulses were not detected in any of the three photomultipliers.
When the light pulse intensity was increased so that pulses with three photoelectrons were produced by the 8850s, afterpulses were detected in the 19-22 ns, 342-413 ns time intervals as before in all three photomultipliers. Detailed results are given in Table 3 . Figure 5 shows the time distribution of output pulses in logarithmic scale in the time interval 0-150 ns after the main photomultiplier pulse under a 100 kHz single photoelectron counting rate. The first distribution at the beginning of the spectrum is the main output pulse of the photomultiplier. The second distribution represents the afterpulses which occurred 18 ns after the main pulse. Figure 6 shows the same afterpulse spectrum on a linear time scale over the range 60-680 ns under 100 kHz single-photoelectron counting rate. Afterpulses were also present from 351-415 ns after the main photomultiplier output pulse.
CONCLUSIONS
Measurement on three 8850 photomultipliers show that afterpulses occurred with all three at 18-22 ns and 342-415 ns after the main anode output pulse. No afterpuse was observed beyond this range up to 68 us under single-photoelectron or three photoelectron operating conditions. Afterpulses in the 342-415 ns range had a peak amplitude of approximately 2-3 times that of the main pulse. The photomultipliers tested were ten years old. During this time they had been mostly used for calibration purposes of various single-photon counting systems and high-gain photon detectors under controlled conditions in a standard l aboratory env i ronment.
The afterpulses occurring in the 342-415 ns range were attributed to He+ ions which are created in the space between the photocathode and the first dynode and the first and second dynode. This conclusion is based on the time-of-flight of the helium ion from its point of origin to the photocathode and the ion mass-to-charge ratio. These afterpulses clearly showed a two peak structure. The first peak of this distribution is caused by afterpulses generated by He+ ions from the photocathode-first dynode region. The second peak is produced by afterpulses generated by ions which are formed between the second and third dynodes. This conclusion is in an agreement with the results of afterpulse measurement obtained by Coates7 for 8852 photomultiplier. However, no report has been made in literature on afterpulses which occurred in the 18-22 ns range after the main signal pulse. These pulses appeared at a lower rate but were consistently present in all three 8850s. Furthermore, the amplitude of these afterpulses was approximately one half of the single-photoelectron pulse amplitude, unlike those at 342-415 ns time range which were 3 to 4 times larger.
The afterpulses in the 18-22 ns range were the most probably generated by He+ ions, which were in existance between the first and second dynode, striking the first dynode and causing the secondary emission. This conclusion is based on calculation of electron transit time betweeen the photocathode and the first dynode and the photomultiplier anode. Also the electric field distribution was taken into account. The 18-22 ns time range increased when the voltage between the photocathode and the first dynode/focusing electrode was decreased because of the change in the electric field intensity and distri bution. 
